Highlights
==========

-   Insufficient sleep increases the risk of catching some diseases such as Alzheimer Disease (AD).

-   Losing just one night of sleep leads to an immediate increase in beta-amyloid, a protein in the brain associated with Alzheimer disease.

Plain Language Summary
======================

Sleep plays a crucial role in the continuity of cognitive sequences and executive functions. Sleep deprivation is a common complaint in modern societies. Insufficient sleep has increased the risk of catching some diseases such as Alzheimer Disease (AD). It is a type of dementia that causes problems with memory, thinking, and behavior. Symptoms usually develop slowly and get worse over time, becoming severe enough to interfere with daily task. AD is the most common cause of dementia, a general term for memory loss and other cognitive disabilities serious enough to interfere with daily life. Alzheimer disease accounts for 60% to 80% of dementia cases. AD worsens over time, where dementia symptoms gradually worsen over a number of years. In its early stages, memory loss is mild, but with late-stage, individuals lose the ability to carry on a conversation and respond to their environment. AD is the sixth leading cause of death in the United States. Those with Alzheimer live an average of eight years after their symptoms become noticeable to others, but survival can range from 4 to 20 years, depending on age and other health conditions. Losing just one night of sleep led to an immediate increase in beta-amyloid, a protein in the brain associated with Alzheimer disease.

1.. Introduction
================

The biological and behavioral roles of sleep are not entirely elucidated. Studies show that sleep plays a crucial role in the continuity of cognitive sequences and executive functions ([@B8]; [@B79]). Sleep Deprivation (SD) as a common phenomenon in the modern societies, endangers individuals' health both in acute and chronic states. The reduced sleep hours is related to alterations in living style, increase in night work hours, and late-night activities ([@B55]). Studies show that people with insomnia or sleep disorders are at elevated risk for neuro-degenerative disorders such as Alzheimer Disease (AD) ([@B6]). Moreover, SD are observed across moderate to severe AD and are worsened with the progression of the disease ([@B3]).

Tau is one of the most important Microtubule Associated Proteins (MAP) in the neurons. The balanced tau phosphorylation binds it to the microtubules, assembles the microtubules, and maintains the structure and stability of the neurons ([@B36]). However, hyperphosphorylation of tau results in its aggregation and formation of paired helical filamentous structures known as Neurofibrillary Tangles (NFTs) ([@B26]). NFTs are among the main neurological hallmarks of AD ([@B9]).

Evidence from animal models illustrates that changes in the sleep-wake cycle may elevate hyperphosphorylated Tau protein in the brain ([@B12]; [@B65]). It is reported that two months of SD causes more than 50% elevation of the insoluble Tau in the brain ([@B57]). In addition, chronic SD increases extracellular amyloid, the main component of the amyloid plaques found in the brains of patients with Alzheimer ([@B67]) and sleep extension decreases plaques in animal models ([@B44]).

It is indicated that Cerebrospinal Fluid (CSF) Amyloid-β (Aβ) levels predict amyloid plaque deposition, and sleep deprivation is associated with fluctuations in the level of *Aβ* in CSF and its deposition in the brain ([@B64]); even one night of sleep deprivation is proposed to be associated with a 6% decrease in CSF Aβ42 levels ([@B59]). Therefore, in general, it seems that SD can affect Alzheimer pathology through intermediate mechanisms.

The current study aimed at reviewing the most significant factors mediating between SD and AD including Apolipoprotein E (*ApoE*) risk alleles, kinases, and phosphatases dysregulation, reactive oxygen species, endoplasmic reticulum damage, glymphatic system dysfunction, and orexinergic system inefficacy. Obviously, studying these factors in an integrated and concise way can be useful for researchers in the field of sleep and Alzheimer pathology.

2.. Apolipoprotein E Risk Alleles
=================================

*ApoE*, as the main component of chylomicrons and Intermediate-Density Lipoproteins (IDLs), plays an essential role in the normal catabolism of lipoproteins ([@B30]). *ApoE* transfers lipoproteins, fat-soluble vitamins, and cholesterol to the lymph vessels and then to the bloodstream. It is originally synthesized in the liver, but it is also abundant in the Central Nervous System (CNS) ([@B46]). There are at least three variants (alleles) of the *APOE* gene, *ε2*, *ε3*, and *ε4* ([@B66]).

*APOE ε4* genetic variant is known as the main genetic risk determinant of AD. The *ε4* allele also increases the risk for cerebral amyloid aggregation and age-related cognitive impairments ([@B45]). It is believed that *APOE* risk variants can activate specific intracellular pathways by binding to surface receptors and peptides of the neurons, which ultimately leads to neurodegeneration and synaptic dysfunction ([@B20]). Furthermore, pathological influence of *ApoE* on increasing cerebral *Aβ* deposition is demonstrated in several studies ([@B53]).

ApoE-lipoproteins, by removing the soluble *Aβ* from the extracellular matrix, can facilitate its uptake through LRP1, LDLR, and HSPG receptors. Additionally, the association between *ApoE*, 24S-hydroxycholesterol, and tau shows its direct involvement in generation of NFTs ([@B41]). On the other hand, the association of *APOE* with sleep disorders is also proven. For example, [@B37] reported a significant relationship between sleep-disordered breathing and *APOE ε4* variant in the general population and [@B77] reported that Obstructive Sleep Apnea (OSA) is associated with *ε4* allele. In addition, [@B43] proposed that specific *APOE ε4* genotypes may predispose individuals to sleep disruption and sleeping adequately inhibits the effect of *ApoE* on the formation of NFTs and progression of AD.

3.. Kinases and Phosphatases Dysregulation
==========================================

Protein kinases and phosphatases are two groups of enzymes that transfer phosphate to and from substrates such as tau protein ([@B7]; [@B56]). Several protein kinases such as cyclic AMP-dependent Protein Kinase A (PKA), Calcium/calmodulin-dependent protein Kinase II (CaMKII), Glycogen Synthase Kinase-3β (*GSK-3β*), and Protein Phosphatases 2A (PP2A) have role in tau phosphorylation and de-phosphorylation ([@B72]).

PKA is one of the enzymes involved in sleep/wake regulation ([@B4]; [@B27]). There is evidence that sleep deprivation causes PKA activation in the brain ([@B11]; [@B22]) and its activation increases phosphorylation in multiple sites of tau ([@B33]). CaMKII is a complex protein kinase and has an important role in synaptic plasticity and memory formation ([@B21]). Animal studies show that sleep deprivation remarkably dysregulates CaMKII-related phosphorylation ([@B10]). Furthermore, CaMKII is also a tau kinase and its dysregulation is associated with Alzheimer's progression ([@B19]) and CaMKII inhibits tau-microtubule interaction by tau phosphorylation ([@B73]).

Evidence shows that *GSK-3β* is another enzyme that influences sleep-wake organization ([@B1]; [@B2]; [@B28]). This enzyme phosphorylates at least 36 residues of tau protein ([@B25]). As a matter of fact, *GSK-3* activation is a critical step in brain aging and AD that triggers cascade of detrimental events such as NFT formation and neuronal death pathways ([@B76]). On the other hand, an Extra-cellular signal-Regulated Kinase (ERK) is centrally involved in memory consolidation process ([@B40]). Phosphorylation of ERK is a key step to inhibit its activity in response to synaptic stimuli ([@B23]). [@B24] demonstrated that SD impairs ERK phosphorylation process in the hippocampus and this leads to spatial memory impairments in rats. Future studies may clarify the role of this protein in the relationship between sleep disorders and AD in humans.

4.. Reactive Oxygen Species
===========================

Reactive Oxygen Species (ROS) are a number of molecular oxygen-derived reactive molecules and free radicals produced as byproducts during the mitochondrial electron transport or through oxidoreductase enzymatic activities ([@B63]). Recent works demonstrated that ROS have a role in cellular signaling cascades including apoptosis, cell cycle regulation, phagocytosis, enzyme activation, and gene expression. The imbalance of ROS and antioxidant capacity of cells lead to oxidative stress ([@B13]). Generally, due to the higher metabolic rate and the low rate of regeneration, nerve cells are more susceptible to oxidative damage ([@B48]).

Studies show that inefficient antioxidant system and the excess of free radicals such as superoxide anion, hydrogen peroxide, and nitric oxide may be among the causes of the emergence of AD ([@B80]). Positive association between the amyloid plaque and 4-hydroxynonenal and malondialdehyde as the main lipid peroxidation markers proves this hypothesis to some extent ([@B49]). Furthermore, it is demonstrated that iron accumulation in the brain of patients with AD is responsible for generating free radicals through the Fenton reaction ([@B81]). On the other hand, it is shown that SD can reduce the function of the antioxidant system of the cells. [@B61] showed that prolonged sleep deprivation profoundly decreased superoxide dismutase antioxi-dative activity in the hippocampus and brainstem of rats.

[@B50] reported that paradoxical sleep deprivation was a potent oxidative stressor, which likely played a role in the behavioral changes of animal models. It is also shown in humans that SD can increase malondialdehyde ([@B15]). Therefore, SD increases the oxidative stress and may thus contribute to the etiology of AD.

5.. Endoplasmic Reticulum Damages
=================================

The Endoplasmic Reticulum (ER) is involved in folding and trafficking of proteins, redox homeostasis, energy production, and apoptosis ([@B5]). Malfunctions of the ER may lead to a cell stress response, which can eventually trigger programmed cell death. Increasing evidence emphasizes on the role of ER in the development and progression of neurodegenerative diseases ([@B71]). Studies indicate that apoptosis generally occurs through two main pathways: the death receptor (extrinsic) and the mitochondrial (intrinsic) pathways ([@B16]).

ER stress has a key role in the pathogenesis of AD. Inositol-Requiring kinase 1 (IRE1) initiates the ER stress pathway by triggering Apoptosis Signal-regulating Kinase 1 (ASK1), which in turn activates c-Jun N-terminal Kinase (JNK) signaling route ([@B58]). This cascade has the potential to trigger AD pathogenesis through dysregulation of Amyloid Precursor Protein (APP) processing and intracellular *Aβ* accumulation, activation of Activator Protein 1 (AP-1), a transcription factor that regulates inflammatory genes expression, and hyperphosphorylation of tau protein, and aggregation of neurofibrillary tangles ([@B78]). Also, ER stress causes deposition of unfolded or misfolded proteins such as tau ([@B38]; [@B54]). Prolonged presence of these toxic unfolded proteins triggers intrinsic apoptosis pathways ([@B18]).

Degradation of tau decreased by 20% in ER stress due to decrease in the binding of tau to CHIP (carboxyl terminus of Hsc70-interacting protein), which delayed the degradation of tau through the ubiquitin-proteasome pathway. SD increases ER stress in brain tissue ([@B68]). It is proposed that REM SD elevates the level of noradrenaline in the brain ([@B62]). Animal studies indicate that REM SD changes BAX and Bcl2 functions and initiate mitochondrial apoptosis pathway ([@B62]). [@B74] suggested that elevated noradrenaline acting on α1-adrenergic receptor causes mitochondrial damage, release of cytochrome c, and induction of apoptosis intrinsic pathway. Therefore, SD can be related to the Alzheimer's pathology through induction of neuronal apoptosis.

6.. Glymphatic System Dysfunctions
==================================

[@B32] discovered the dynamic characteristics of the glymphatic system in mice, using in vivo two-photon microscopy. By fluorescent labeling of CSF, they showed the rapid entry of CSF into the brain along the cortical and pial arteries, following the influx into the Virchow-Robin spaces through penetrating arterioles. In fact, the CSF enters the parenchyma through a definite periarterial pathway surrounded by perivascular astrocytic end-feet ([@B32]). It can be concluded that glymphatic system plays a key role in feeding the neurons and purgation of the brain environment.

Glymphatic system works differently during sleep and awakening. It is hypothesized that during the sleep, the CSF flows more profusely and the elimination of toxic substances from neurons and intercellular spaces is greatly increased. When sleep is restricted, glymphatic system does not have enough time to fulfill its function; hence, toxins and misfolded proteins are accumulated, and the effects will appear in cognitive capabilities and executive functions ([@B17]). On the other hand, Weller et al. (2008) demonstrated that macroscopic glymphatic system-based clearance of interstitial metabolites may be of particular significance for neurodegenerative diseases such as AD, in which, the accumulation of protein aggregates is observed ([@B32]).

In this regard, [@B32] found that *Aβ* was rapidly broken down and eliminated in the glymphatic system route. In other words, imbalance between *Aβ* production and clearance can result in accumulation of *Aβ* and emergence of AD. As a result, SD may be associated with a decrease in the ability of the glymphatic system and an increase in the accumulation of *Aβ* and Alzheimer etiology.

7.. Orexinergic System Inefficacy
=================================

The orexins (hypocretins), as hypothalamic neuropeptides, play an important role in sleep-wake cycle regulation ([@B69]). Abnormal levels of these neuropeptides in people with sleep disorders led to research into its role in sleep regulation ([@B14]). In humans, orexinergic neurons are restricted to the dorsolateral hypothalamus, and project densely to various regions such as the Locus Coeruleus (LC), amygdala, suprachiasmatic nucleus, dorsal raphe nuclei, and cholinergic brainstem ([@B52]).

Although the role of the orexinergic system in sleep regulation is not certainly known, however, it is believed that orexinergic projections modulate cholinergic and monoaminergic activities during the sleep cycle. Indeed, inputs from suprachiasmatic nucleus to the orexinergic system exhibit the dependence of this system function on the dark-light cycle ([@B31]). Studies show a significant reduction in the number of orexinergic neurons in human narcolepsy ([@B52]).

[@B51] measured orexin-A level in LC, cortex, posterior hypothalamus, hippocampus, and pedunculopontine areas after 96 hours REM SD in rats. They reported that following the REM SD, the orexin-A level significantly increased in LC, cortex, and posterior hypothalamus. Interestingly, they observed that after recovery, the level of orexin-A returned to its normal state.

On the other hand, it is demonstrated that increase in orexin due to chronic SD is involved in the pathogenesis of AD ([@B70]). [@B42] illustrated that patients with moderate-to-severe AD had higher levels of orexin and faced higher levels of nocturnal sleep disorders. In addition, it is proposed that orexin-A is associated with increased phosphorylated tau and this may be related to a reduction in the ratio of deep sleep ([@B60]).

8.. Result
==========

Sleep and circadian rhythm disturbances possibly occur very early in the pathogenesis process of AD. Experimental models suggest that SD may increase the soluble *Aβ* levels and lead to chronic accumulation of Aβ, whereas improving time and quality of sleep has the opposite effect ([@B34]). Furthermore, it is proven that this relationship can be reversed, and the accumulation of *Aβ* may cause a sleep-wakefulness imbalance ([@B34]).

Using in vivo microdialysis in mice, [@B39] found that the amount of *Aβ* in brain interstitial fluid is correlated with wakefulness and increased during orexin infusion, but decreased with infusion of a orexin receptor antagonist. [@B64] reported that disruption of the sleep-wake cycle can accelerate *Aβ* deposition in the mouse brain.

[@B75] found that among older adults, shorter duration and poorer quality of sleep are associated with greater *Aβ* accumulation. [@B59] reported that evening and morning Aβ42 concentrations differed between the individuals with unrestricted sleep and those with SD. [@B35] reported that specific disruption of slow wave activity may increase Aβ40 and poor sleep quality is associated with higher tau levels ([@B35]).

[@B12] observed that SD decreases levels of postsynaptic density protein 95 and increases glial fibrillary acidic protein levels. Moreover, they investigated that total levels of the phosphorylated transcription factor cellular response element binding protein is significantly diminished in the brains of sleep-deprived mice compared with that of controls. They underlined the importance of SD as a chronic stressor in modulating biochemical processes involved in the development of AD.

In general, SD appears to increase the accumulation of *Aβ* and tau proteins, thus accelerating the formation of amyloid plaques and neurofibrillary tangles. On the other hand, increased accumulation of Aβs and tau proteins in turn disrupt the sleep-wake cycle, thus forming a defective cycle. It seems that increasing the duration and improving the quality of sleep can slow down the progression of the disease. However, given the extensive study of animals in this field ([@B47]), most results are derived from animal studies and human clinical studies are required to confirm the obtained results.

9.. Conclusions
===============

The current study reviewed the most important factors in the relationship between SD and AD. It was discussed that *APOE ε4* allele could be associated with sleep disorders, tau phosphorylation, and *Aβ* deposition. SD can increase active oxygen species and as a result, damage mitochondria and induce apoptosis. SD reduces the activity of the glymphatic system, and consequently, reduces the capacity to remove Aβ. By activating kinases, SD may increase tau phosphorylation and cause the formation of neurofibrillary tangles, and all of the pathways in question, eventually lead to the emergence of AD through neuronal degeneration, *Aβ* deposition, and neurofibrillary tangles formation. Therefore, considering the important role of sleep in modulating the risk factors of AD, it may be possible to prevent the emergence of AD at aging by improving the quality of sleep and treating sleep disorders from early ages.
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